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In vivo maturation of fluorescent proteins 











Fluorescent proteins are major tools to visualize cellular structures, to trace molecular 
movements and to monitor complex cellular processes. New fluorescent proteins with 
improved properties are discovered or engineered at a high rate, enabling to choose 
suitable fluorophores for each type of experiment. Desirable properties of fluorescent 
proteins are a high extinction coefficient, high photostability, monomeric state and 
short maturation time. Here, we focus on the maturation, which occurs after protein 
folding and describes the chromophore formation that leads to the fluorescent state of 
the protein. Current procedures for determining maturation times are generally done in 
vitro by estimating the half time for reoxidation of purified, denatured protein. 
However, this approach is unsatisfactory to predict the maturation behavior inside a 
living cell. Here we determined the half time of the in vivo maturation time and 
chromophore oxidation for YPet, mEos3.2, eYFP and sf-GFP, proteins commonly used in 
microscopic studies. We used flow cytometry to measure fluorescence development and 
dot blotting to quantify protein expression levels. We find that the in vivo maturation is 
slower than anticipated from in vitro experiments. 
 
 JvdB and BP designed experiments; AvO and AR gave technical support and conceptual advice, 
JvdB performed the experiments, analyzed the data and wrote the manuscript. 
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Introduction  
Fluorescent proteins (FPs) are universal tools in biological studies. Their 
usefulness has been proven in many cases ranging from reporters of gene 
expression, visualization of cellular structures, probing of molecular diffusion, 
and sensing of molecular interactions and metabolite concentrations [1-5]. The 
implementation of highlighter proteins allows for super-resolution imaging 
beyond the diffraction limit of light and tracking of single molecules in cellular 
environments. Yet, another class of molecules acts as fluorescent timers that 
gradually shift their emission to longer wavelengths and thereby enabling age 
estimation of proteins [6].  
The great advantage of fluorescent proteins over dyes is the genetic tagging to 
target molecules, which allows full and selective labeling of any particular 
protein without further perturbation of the cell [7]. Fluorophore-tagged 
proteins are most often fully functional [2], despite the presence of a bulky 
moiety of ~27 kDa, but controls are needed to warrant native localization of the 
proteins. On the downside, many FPs have maturation times in the order of 
hours, which can be a hurdle for certain applications. Fast maturation is 
important in studies of biogenesis of (membrane) proteins, kinetics of 
physiological processes, protein folding and quantification of protein concentra-
tion. Neglecting the maturation time can lead to misinterpretation of the 
physiological process that is reported by the FP. For instance, fluorescent 
proteins do not provide kinetic information of processes that are faster than the 
maturation of FPs. Furthermore, fluorescent proteins are generally less bright 
and less photostable than fluorescent dyes. Most fluorescent proteins are 
sensitive to pH with a loss of fluorescence in acidic environments. Additionally, 
fluorescent proteins have a tendency to oligomerize at high concentrations, 
which can give rise to artifacts like mislocalization or clustering [8].  
There is an ever-increasing number of newly engineered fluorescent proteins 
with improved photochemical properties. For instance, the emission spectrum 
of the green fluorescent protein (GFP) from the jellyfish Aequorea victoria is 
shifted to longer wavelengths by introducing the T203Y mutation, which 
extends the conjugated π-system and essentially turns the molecule into a 
yellow fluorescent protein. With the discovery of FPs within the family of 
Anthozoa, the color palette was further increased so that fluorescent proteins 
now span the electromagnetic spectrum from 420 nm to 650 nm [9].  
Crystal structures of numerous fluorescent proteins are available. All of them 
consist of eleven β-sheets and a central α-helix that form a stable β-barrel 
	
27 
structure (see Figure 1A). Heim et al. first proposed a model of the chemical 
scaffold of the GFP chromophore [10]. In wild type GFP, three amino acids – 
Ser65, Tyr66 and Gly67 – facing to the inside of the β-barrel undergo a 
multistep process, starting with a cyclization to form an imidazolinone ring, 
which is followed by a dehydration reaction. The last step requires molecular 
oxygen for the oxidation reaction to form the fluorescent chromophore 4-(p-
hydroxybenzylidene)imidazolidin-5-one (HBI) (see Figure 1B). The maturation 
time is defined as the overall time that these post-translational reactions take 
to form the chromophore and can vary from a few minutes to several hours 
depending on the type of fluorescent protein and the experimental conditions. 
The process is autocatalytic and only requires molecular oxygen in the last 
step. In the native form, the β-sheets shield the chromophore and prevent 
quenching by water.  
 
Figure 1: (A) β-barrel structure of wild type-GFP (PDB ID: 1EMA) (B) The process of maturation 
consists of three chemical reactions: cyclization of the tripeptide motif (Ser65, Tyr66, Gly67), 
dehydration of the imidazolinone ring and an oxidation reaction that is believed to be the rate-
limiting step in chromophore formation. Image adapted from [5].  	
Fluorescent proteins tolerate a considerable amount of modifications, hence 
making room for improvement of the photophysical properties by mutating 
residues near the central chromophore. Over the years, many residues 
responsible for slow maturation and dimerization were identified. Residues 
that are believed to improve maturation compared to eGFP1 are A72A, S175G, 
S30R, Y39N [11, 12] and the so-called cycle3 mutations: F99S, M153T, and 
V163A [13], which reduce the hydrophobicity on the surface and make the FP 																																																								
1 eGFP is a variant of the wild type GFP with two mutations (F64L and S65T) that enhance the 
brightness, maturation and stability at 37 °C.  
A	 B	
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more soluble. Additionally, A206K, S208F and V224L [14, 15] have been shown 
to reduce the tendency to dimerize.  
Reid and Flynn were the first to characterize the maturation time of wild type 
GFP in vitro, using purified proteins [16]. They denatured GFP in 8 M urea, 
and followed the rate of fluorescence acquisition after rapid 100-fold dilution in 
renaturation buffer. This step describes the refolding of GFP, as the 
chromophore is not affected by denaturation (stage 6 à 4). By adding 5 mM of 
the reducing agent dichlordiphenyltrichlorethan (DDT) to the urea de-
naturation, the refolding and oxidation of the reduced chromophore can be 
followed (stage 5 à 4). Additionally, they solubilized GFP from inclusion 
bodies, containing unfolded protein that never possessed a chromophore, and 
diluted the mixture into renaturation buffer. This allowed the de novo 
maturation (stage 1 à 4) to be monitored, which in the case of wild type GFP 
was only slightly slower than the reaction from 6 à 4 (t1/2 = 84 min and 76 min, 
respectively), suggesting that the oxidation is the rate-limiting step for wild 
type GFP.  
 
Figure 2: Post-translational processes that lead to fluorescence, according to [16]. The native 
polypeptide first has to fold properly (stage 1 à 2) and mature (stage 2 à 4) to become fluorescent. 
In vitro maturation of denatured purified proteins partly mimics the process taking place in vivo, 
that is the renaturation of protein with either reduced or oxidized chromophore (5 or 6).  
 
Other methods to characterize the maturation time include (i) the use of 
PURExpress® to synthesize FPs in vitro in the presence of an oxygen 
scavenger [17]; (ii) expression of FPs under anaerobic conditions and aeration 
of the cultures [18] or rapid purification of the FP after anaerobic expression to 
trace fluorescence [19, 20]; and (iii) addition of protein synthesis inhibiting 
drugs to aerobically-grown cells [21]. Various modifications can be applied to 
these techniques, but they all rely on fluorescent traces obtained from 
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denatured or reduced proteins. Most often the in vitro refolding/reoxidation 
assay described by Reid and Flynn is used to characterize the maturation time, 
however it is not known how well this reflects the maturation behavior in vivo.  
In this study, we determined the in vivo maturation time of two proteins 
frequently used in super-resolution optical microscopy and single-molecule 
tracking: YPet – a yellow GFP-type protein and mEos3.2 – a variant from the 
FP family in Anthozoa. Additionally, we measured the maturation time of a 
super-folder variant of GFP (sf-GFP) and eYFP2, a new yellow fluorescent 
protein that we engineered for fast maturation. The approach consists of three 
sets of experiments. First, we measured the half times of the rate-limiting 
oxidation reaction in maturation by exposing anaerobically grown E. coli cells 
to oxygen. Second, we determined the lag time between protein synthesis and 
the occurrence of fluorescence. During the lag time, not only oxidation takes 
place, but also protein folding and the cyclization prior to oxidation. Finally, we 
stopped protein synthesis in a culture expressing the fluorescent protein with 
chloramphenicol. This allowed us to determine the maturation time of a slow 
maturing fluorescent protein like mEos3.2. We benchmark our in vivo studies 
with in vitro literature values of FP maturation.  
 
Material and Methods  
Cloning 
All plasmids and primers used in this study are listed in Table 1 and 2. The 
sequences coding for YPet, mEos3.2 and eYFP were amplified by PCR (Phusion 
Polymerase) introducing NcoI and XmaI restriction sites at the 5’ and 3’ ends, 
respectively. The coding region for the TEV cleavage site (GENLYFQG) plus 
the His10-tag were introduced by designing two antiparallel primers (4433 and 
4434), which form sticky overhangs with a 5’ XmaI site and a 3’ XbaI site when 
aligned. The corresponding fragments were inserted into pBAD-mEos2 
replacing the mEos2 gene.  
 
Table 1: Plasmids used in this study.  
Plasmid Description 
pBAD-YPet Derived from pNZ-mEos3.2  
pBAD-mEos3.2  Original plasmid without His-tag from Andrew Robinson 
pBAD-sf-GFP Obtained from Paul Schavemaker 
pBAD-eYFP Original plasmid without His-tag from Jacek Mika 
pRSET-eYFP2  Synthetic gene from GeneArt 
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Table 2: Primers used in this study.   
Number Name Sequence 5’ to 3’  







4435 Nco-eYFP-FoP ATATCCATGGTGAGCAAGGGCGAGGAG 
4436 eYFP-Xma-ReP ATATCCCGGGCTTGTACAGCTCGTCCATGC 
4437 Nco-yPet-FoP GTGACCATGGGCTCTAAAGGTGAAGAATTATTCACTGGTGT 
4438 yPet-Xma-ReP ATGTCCCGGGGAGCTCTTTGTACAATTCATTCAT 
4439 Nco-mEos3-FoP CTCACCATGGGAAGTGCGATTAAGCCA 
4440 mEos3-Xma-ReP CTCACCATGGGAAGTGCGATTAAGCCA 
 
The coding sequence for eYFP2 was ordered from GeneArt, including the TEV 
site and the His10-tag. The vector pMK-RQ, containing the eYFP2 gene, was 
digested with NcoI and XbaI and inserted into pBAD-YPet, replacing the YPet 
gene. pBAD-sf-GFP contains an N-terminal His6-tag.  
Growth conditions 
We used Escherichia coli MC1061 [22] to express the fluorescent proteins using 
an L-arabinose-inducible promoter (pBAD). Overnight cultures were prepared 
from colonies on agar plates and grown in LB medium containing 100 µg/mL 
ampicillin at 37 °C with 300 rpm shaking. Overnight cultures were diluted 
100-fold in fresh medium and induced with 0.01% (w/v) L-arabinose at OD600 = 
0.4-0.5.  
Dot blot 
To determine the FP expression levels 10 mL culture samples were taken after 
indicated periods of induction with L-arabinose. The cells were mixed with 2.1 
mL glycerol (85%) and immediately frozen in liquid nitrogen. For the analysis, 
samples were thawed quickly and the cells were centrifuged for 15 min at 
5,000xg and 4 °C. The supernatant was carefully removed and the cell pellet 
resuspended in lysis buffer [Bacterial Protein Extraction Reagent B-PER™ 
(TheroScientific) containing 200 mM (4-[2-aminoethyl]-benzenesulfonyl-
fluoride, hydrochloride) (Pefabloc SC), 1 mM MgSO4 plus 0.1 mg/mL DNAse]. 
The volumes (0.3-1.8 mL) were adjusted to obtain samples with the same 
OD600, and subsequently the mixtures were incubated at room temperature for 
15 min, then centrifuged for 15 min at 15,000xg and 4 °C, and the supernatant 
was collected for dot blotting.  
From each time point 100 µL cell lysate in serial dilutions (1:1, 1:2, 1:4 and 1:8 
in lysis buffer) were transferred to a 96-well plate. A PVDF membrane was 
drained in methanol, equilibrated in blotting buffer (50 mM Tris-HCl, 40 mM 
glycine, 20% (v/v) methanol) for 5 min, and put on a Whatman paper soaked in 
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blotting buffer to prevent drying-out. We made use of the Mosquito® 
Nanorobot (LabBulletin) for precise pipetting of 5 µL samples from the 96-well 
plate to the PVDF membrane, yielding round spots of around 3 mm in 
diameter. After the solutions were fully absorbed by the membrane, the blots 
were developed by 2 h blocking with 0.2% (w/v) I-Block, 1 h with a 1:5,000 
diluted Tetra-His anti-body and 2 h with anti-mouse antibody (Sigma Aldrich) 
and 5 min with a chemiluminescent substrate CDP-Star (Sigma Aldrich). The 
signal from each spot was quantified in ImageJ after background subtraction. 
The expression levels were obtained by averaging 4-8 individual dots for each 
time point, including all serial dilutions of the cell lysates.  
Flow cytometry 
A BD AccuriTM C6 flow cytometer with a 488 nm excitation laser and 530/30 
nm band-pass filter was used. To measure the fluorescence of the proteins, 5 
µL of a culture were diluted in 1 mL of PBS and mixed. In each run 20 µL of 
the diluted cell suspension was analyzed at a flow rate of 35 µL/min.  
Oxygen sensor  
To measure the relative amounts of oxygen in growing E. coli cultures, we used 
the non-invasive optical oxygen sensor FiBox3 (PreSens). The sensor was 
placed at the inner surface of a 100 mL Erlenmeyer flask, approximately 1 cm 
above the bottom of the flask, and the transmitter with its optical fiber was 
fixed opposite the sensor spot on the outside surface of the flask. The sensor 
was calibrated according to the manufacturer’s manual and sterilized with 70% 
ethanol. Flasks were filled with 10 mL or 25 mL LB containing 100 µg/mL 
ampicillin and inoculated with 1% (v/v) of an overnight culture of E. coli 
MC1061, containing pBAD-sf-GFP. Cells were grown aerobically at 37 °C with 
300 rpm shaking and the amount of oxygen was measured for 6 h. The final 
OD600 reached 3.9 and 2.9 for the 10 mL and 25 mL culture, respectively.  
Anaerobic growth of E. coli  
For growing E. coli cells under anaerobic conditions, sealed 100 mL bottles 
filled with 100 mL LB medium, supplemented with 100 µg/mL ampicillin, and 
inoculated with 1% of an overnight culture that was grown aerobically. Sterile 
syringes were used to add or remove solutions through the rubber cap and 
gaseous nitrogen was bubbled through the culture for 1 min after any inter-
ference with the sample. Cells were grown at 37 °C with 200 rpm shaking. At 
OD600~0.3, cultures were induced with L-arabinose at a final concentration of 
0.01% (w/v). After 1.5 hours of induction, chloramphenicol (100 µg/mL) was 
added to stop protein synthesis. The sealed flasks were then opened and 5 mL 
of culture was quickly transferred to a sterile 100 mL flask to allow sufficient 
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aeration while shaking the cultures at 300 rpm. The development of fluores-
cence was measured at given time points, using the flow cytometer.  
 
Results  
Rate of oxidation in the maturation of fluorescent proteins 
It is thought that the oxidation (stage 3 à 4 in Figure 2) is rate-limiting step in 
the maturation of fluorescent proteins. To test this, we grew E. coli MC1061 
anaerobically in LB medium in sealed bottles and induced mEos3.2, YPet or 
sf-GFP from an L-arabinose-inducible promoter. Under these conditions, the 
fluorescent proteins can fold and maturation can progress until the last step, 
the oxidation reaction, which requires molecular oxygen. Cells were aerated by 
rapidly transferring 5 mL culture to a 100 mL flask that was then incubated at 
37 °C with heavy shaking (300 rpm). The emerging fluorescence was measured 
by flow cytometry (see Figure 3) and fluorescent traces for YPet and sf-GFP 
were fitted with ! ! = !(! − ! !!!! ) ∙ !(!!!!)  and mEos3.2 with ! ! = !(! −!!!!!) ∙ !(! − !!!!!). The rate constants and oxidation half times are given in 
Table 3. The oxidation reaction of sf-GFP and YPet was fast with half times 
ranging from 9 to 15 min. mEos3.2 showed a biphasic behavior with the initial 
rise accounting for 75% of the total amplitude. The first phase had a half time 
of ~2 min and the second one ~43 minutes.  
 
Figure 3: Development of the mean fluorescence (FL1-A) of proteins expressed in E. coli 
MC1061 from the L-arabinose-inducible promoter of pBAD upon shifting from anaerobic 
to aerobic conditions. The traces were background corrected with E. coli cells containing 
no plasmid, normalized to the highest value and fitted with a double exponential, with 
one component for the oxidation reaction (k1) and another for the decay after the 
maximum (k2) In case of mEos3.2 the double exponential describes the two phases of 
fluorescence increase. The fitting data is summarized in Table 3.  
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We wondered why the maturation of mEos3.2 is biphasic and considered a 
number of possibilities. First, the pH of the LB medium of the anaerobically 
grown cultures is somewhat acidic (pH = 6.3) and increases after aeration 
within ~1 h to pH = 7 (Figure 4A). The chromophore of mEos3.2 is pH sensitive 
with a pKa of 5.4, therefore the brightness is reduced at pH values below 7 [23]. 
We find that the brightness of mEos3.2 in aerobically grown E. coli cells, 
resuspended in PBS at pH values of 5.5 to 6.9, did not change significantly 
(Figure 4B), indicating that E. coli maintains the intracelluar pH at 7 or higher 
and the biphasic maturation cannot be caused by pH effects. Another 
explanation for the biphasic behaviour of mEos3.2 are possible rearrangements 
of residues near the chromophore change the spectral properties of mEos3.2, 
Table 3: In vivo rate constant ± fitting error and oxidation half times of fluorescent proteins 
expressed form pBAD determined by fitting fluorescent traces after aeration of anaerobically grown 





















43.3 - 25% 
YPet  4.52e-2 
± 2.41e-3 










Figure 4: (A) pH of the LB medium of anaerobically grown E. coli MC1061 expressing mEos3.2 
after shifting (t = 0) from anaerobic to aerobic conditions. (B) Fluorescence intensity of aerobically 
grown E. coli MC1061 expressing mEos3.2 and resuspended in PBS at the indicated pH values. 
Fluorescence was measured in a fluorometer with 505 nm excitation and 520 nm emission (slit 
width of 3 nm) and is normalized to pH 6.9. E. coli cells without mEos3.2 were used for background 
correction. Error bars represent standard deviation between three technical replicates.  
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however no such rearrangements have been reported for mEos3.2. At this 
point, we are left with the possibility that the chromophore undergoes a two-
step oxidation reaction or the protein folds slowly.  
Lag time between protein synthesis and occurrence of fluorescence  
Next, we determined the de novo maturation by estimating the time lag 
between protein synthesis and the occurrence of fluorescence. We expressed 
the FP in exponentially growing cells and determined the amount of 
synthesized protein from quantitative dot blot and the development of 
fluorescence in parallel. We deduce the de novo maturation time as the time 
difference between protein synthesis and fluorescence development. E. coli 
MC1061 was grown in LB medium and the expression of fluorescent proteins 
was induced by addition of 0.01% L-arabinose at OD600 ~ 0.5 (t = 0). Samples 
were intermittently aliquoted and frozen for immunoblotting. At the same 
time, flow cytometry was used to measure the fluorescence at each time point. 
As shown in Figures 5A-C, shortly after induction (at t = 10 min) small 
amounts of fluorescent protein were detected on the dot blot. This is the 
minimum time required for the cell to take up L-arabinose and initiate 
transcription. Detection of the C-terminal His-tag is independent of the folding-
state of the protein. The data thus present fully synthesized, but not 
necessarily folded protein. At t ~ 25 min the fluorescence of YPet and sf-GFP 
appeared, for mEos3.2 the occurrence of fluorescence was observed at t ~40 
min. During this lag time the native polypeptide has to fold, followed by 
cyclization and oxidation of the ring system.  
We find that cells rapidly express the FPs and the maximal level of protein per 
cell was reached after 30-50 min of induction (see Figure 5). At the same time 
the fluorescence developed more slowely and still increased linearly for at least 
3 h after protein synthesis had leveled off. These observations suggest a slower 
maturation time for all three FPs, than anticipated from the measured 
oxidation reaction. We exclude the possibility that the plateau in protein 
expression level in Figure 5 was due to overloading of the dot blot, because 
serial diluted samples also showed the plateau after 30-50 min. It might 
however be, that part of the synthesized FP is forming fluorescent aggregates 
at later time points. In that case the aggregated fraction of FP would stay 
undetected on the dot blot, as only the soluble fraction was loaded on the 
membrane.  
Figures 5A-C show that biomass production is no longer exponential after 
induction, indicating a limitation for cell growth. We measured the amount of 
oxygen in a growing culture of E. coli MG1061 in 100 mL flasks containing 
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either 10 mL or 25 mL culture medium (LB), using the optical oxygen meter 
FiBox3 (PreSens). Cultures were inoculated from an overnight culture (t = 0; 
1% inoculum) and grown at 37 °C with 300 rpm shaking. Figure 6A illustrates 
that the amount of oxygen in the medium decreased from ~20% to <5% when 
flasks were filled with 10 mL medium and reached 0% in flasks filled with 
25 mL after ~5 h of growth. For the experiments shown in Figure 5A-C, a 1 L 
 
Figure 5: Time dependence of protein expression levels (blue) and mean fluorescence (green) for 
(A) mEos3.2, (B) YPet and (C) sf-GFP with t = 0 being the time of induction. E. coli MC1061 was 
grown in LB medium, the expression levels of the FPs (blue lines and symbols) were determined by 
quantitative dot blot and are corrected for OD600. Error bars represent standard deviation of 3-6 dot 
blots. Fluorescence was measured by flow cytometry (FL1-A). Protein amount and fluorescence are 
normalized to their maximum value. OD600 is shown in grey (y-axis on the right). 
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flask was used, initially filled with 200 mL LB and subsequent removal of 10 
mL for each time point. Thus, the measured oxygen levels during growth 
cannot directly be compared, but these data strongly suggest that oxygen was a 
limiting factor, which may explain the linear growth and the slow development 
of fluorescence.  
We also considered the possibility that FPs might form fluorescent aggregates 
at high intracellular concentrations. We therefore analyzed the pellet fraction 
of the cell lysates, resuspended in lyses buffer containing additional 2% SDS by 
SDS-PAGE. In Figures 6B and C, we find that after 40-60 min a significant 
fraction of mEos3.2 and YPet is present in the pellet. Also, and in marked 
contrast to the supernatant fractions, high molecular weight bands are visible 
for the samples of YPet and mEos3.2, which are indicative of aggregated 
protein. To see if the fluorescent proteins in the pellet fractions are still 
fluorescent, we analyzed the samples with a laser scanning imaging system at 
488 nm excitation and 520 nm emission wavelength (Figure 6D). It is evident 
that for all three FPs tested a fraction of the fluorescent proteins (~10% for sf-
GFP and ~30-40% for Eos3.2 and YPet) ends up in the pellet, especially at 
longer induction times.  
In case of YPet, the protein levels dropped while the fluorescence was still 
increasing, which is surprising as the stability of β-barrel type fluorescent 
proteins is generally high. We tested (i) the stability of YPet and mEos3.2 in E. 
coli cells, and (ii) the total amount of protein in the lysates by Bradford assay. 
The stability was tested after addition of 200 µg/mL chloramphenicol to E. coli 
MC1061 cells that expressed YPet and mEos3.2. The cells were kept at 37 °C 
and samples were taken to quantify the levels of the fluorescent protein on a 
dot blot. Figure 6E shows that YPet and mEos3.2 are not degraded over 4 h, 
implying that the drop in protein levels seen for YPet in Figure 5B are not due 
FP degradation. Figure 6F shows that the total amount of protein in the lysate 
from cells that expressed YPet dropped after around 120 min. The decrease in 
YPet, as seen in Figure 5B (blue lines and symbols), paralleled the decrease of 
all proteins, indicating less efficient cell lysis. The drop also coincided with the 
moment that the cells entered the stationary phase. Cells in stationary phase 
have an altered cell wall that is harder to disrupt [24], which is consistent with 
reduced efficiency of cell lysis. Cells expressing mEos3.2 reached stationary 
phase later than cultures expressing YPet, thus the total amount of proteins in 




Fluorescence development after inhibition of protein synthesis  
To quantify maturation accurately, a fixed amount of protein is required rather 
than ongoing expression and concomitant cell growth. We therefore grew E. 
coli MC1061 harboring pBAD-mEos3.2 and pBAD-YPet in LB and induced the 
samples as before. Protein synthesis was stopped 15, 25 or 60 min after 
 
Figure 6: (A) Amount of oxygen in E. coli cultures grown in 100 mL Erlenmeyer flasks containing 
either 10 mL or 25 mL LB medium. At time t = 0 the cultures were inoculated with 1% overnight 
culture and final OD600 reached 2.9 and 3.9 for cultures of 10 mL and 25 mL, respectively. (B, C) 
Detection of sf-GFP, mEos3.2 and YPet on Western blots using an antibody directed against Tetra-
His for (B) the soluble fraction and (C) the pellet fraction of the cell lysates used in Figure 5A-C; 
the numbers indicate the time following the addition of 0.01% L-arabinose. In lane P purified FP 
was loaded as a control. Note that it is not feasible to directly compare the band intensities 
between supernatant (B) and pellet (C) fraction (the pellet was 5 times more concentrated) (D) 
Fluorescence of the fractions loaded in panel B and C (pellet fraction was diluted 5 times compared 
to supernatant (SN) fraction to allow comparison of fluorescence intensities. (E) Stability of YPet 
and mEos3.2 in E. coli at 37 °C after inhibition of protein synthesis with chloramphenicol (200 
mg/ml) determined by quantitative dot blot. (F) Total protein concentration of cell lysates after 
periods of induction determined by the Bradford method for cells expressing YPet and mEos3.2. 
Error bars represent standard deviation between three technical replicates.  
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induction by addition of 200 µg/mL chloramphenicol. Figures 7A and B show 
the fluorescent traces for mEos3.2 and YPet, respectively, measured by flow 
cytometry. Within the first 15 min of induction very little protein was 
synthesized and consequently the fluorescence remained low. Sixty minutes 
after induction cells had synthesized significant amounts of FP, and 
interrupting protein synthesis at this point allowed to follow the maturation of 
apo-proteins. Fitting the fluorescence development of mEos3.2 from 60-120 min 
with an exponential function yielded a rate constant of k1 = 1.80e-2 ± 2.39e-3 
min-1 and a half time of 39.4 min; which is close to the half time of the second 
phase of mEos3.2 maturation determined from the anaerobic to aerobic 
transition shown in Figure 3 and Table 3. YPet reached its maximum 
fluorescence 20 min after protein synthesis was stopped. Thereafter, the 
fluorescence decreased as was also observed in the experiment depicted in 
Figure 5. Since YPet was shown not to be degraded (Figure 6E), the data 
suggest that the decrease in fluorescence is due to a lower photostability.  
 
 
Engineering of a new yellow fluorescent protein 
We designed a new yellow fluorescent protein eYFP2, based on eYFP with 
point mutations that are believed to improve maturation and monomeric 
behavior. eYFP2 contains the cycle3 mutations F99S, M153T and V163A, as 
well as A206K, which have been shown to increase GFP solubility. eYFP2 also 
contains S30R and Y39N, which contribute to faster folding in sf-GFP. 
Furthermore, eYFP2 contains S72A and V68L, which improves maturation and 
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Figure 7: Development of fluorescence (FL1-A in arbitrary units) after addition of chloramphenicol 
for (A) mEos3.2 and (B) YPet, measured by flow cytometry. E. coli MC1061 was grown in LB, 
induced at t = 0 min and 200 µg/mL chloramphenicol was added to the cultures at 15 min (yellow), 
25 (orange) or 60 min (red), indicated by the arrows. 
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under anaerobic conditions and measured the development of fluorescence as 
described above. Contrary to our predictions we see that eYFP2 matures 
slightly slower (k1 = -5.71e-2 ± 4.00e-3 min-1, t1/2 = 12 min) than the parental 
eYFP (k1 = -6.94e-2 ± 6.08e-3, t1/2 = 10 min), but instead the photostability in 
eYFP2 was increased (see Figure 8).  
 
 
Figure 8: Development of mean fluorescence (FL1-A) of eYFP and the newly engineered eYFP2, 
expressed in E. coli MC1061 from the L-arabinose-inducible promoter of pBAD. Cells were grown 
anaerobically in LB medium and aerated at t = 0. Fluorescent traces were background corrected 




For biological applications fluorescent proteins should be as bright and 
photostable as possible and non-toxic for the cell. The performance of fluores-
cent proteins depends on the environment in which the molecules function. In 
acidic conditions the brightness is usually reduced, FPs that are monomeric in 
solution can dimerize if fused to membrane proteins, folding is dependent on 
the protein to which the FP is fused and maturation is dependent on tempera-
ture and oxygen availability. There is no standard method to determine 
maturation times. As a consequence, literature provides variable data on the 
maturation of FPs. Additionally, it is unclear how well maturation times 
determined in vitro represent the in vivo conditions. We determined the in vivo 
maturation time by shifting cells expressing the fluorescent proteins from 
anaerobic to aerobic medium or stopping protein synthesis in aerobically grown 
cultures with chloramphenicol to probe the oxidation of the chromophore.  
We find that YPet and sf-GFP have an oxidation half time in the range of 9 to 

























the oxidation, no intermediate states are known and fluorescence should 
therefore follow first-order kinetics. We attribute the initial fast phase to the 
oxidation of the chromophore, which is triggered by the sudden provision of 
oxygen. The second phase may reflect a second oxidation reaction, chemical 
rearrangements near the chromophore, or slow protein folding. Folding of FPs 
is generally considered to be fast with half times between 3-10 min [16, 27]. In 
GFP-type molecules a cis to trans isomerization of proline in the vicinity of the 
chromophore is a prerequisite for protein folding and shown to be the slowest 
step in protein folding [27]. mEos3.2 has ten prolines, but it is not known how 
they affect folding and maturation rates. It is possible that a fraction of the 
synthesized mEos3.2 proteins have one or more prolines that first have to 
undergo a cis-trans isomerization in order for the protein to fold and become 
fluorescent.  
We showed that addition of chloramphenicol to aerobically grown cells allows 
to determine maturation behaviour of slow-maturing proteins. It is less 
suitable for fast-maturing proteins, since the majority of proteins present at 
the point of inhibition of protein synthesis are already matured and 
consequently the maximal fluorescence is reached shortly after addition of the 
antibiotic. For fast maturing proteins, aeration of anaerobically grown cultures 
is advisable. We used that approach to determine the maturation half time of 
eYFP2, which showed a slight decrease in maturation time compared to its 
precursor eYFP. We conclude that S30R and Y39N, that were reported to have 
a strongly enhancing effect on the rate of maturation of sf-GFP, are less 
advantageous in our yellow variant. Importantly, eYFP2 proved to be more 
photostable than eYFP.  
We found that the lag time between protein synthesis and the occurrence of 
fluorescence is shorter for YPet and sf-GFP than for mEos3.2, which is 
consistent with the maturation half time found when exposing anaerobically 
grown cells to oxygen. Small amounts of fluorescent protein can be observed 
~10 min after induction. The dot blot was optimized to quantify the expression 
levels over a wide range of concentrations. The lower detection limit, using a 
Tetra-His antibody and CDP-Star as chemiluminescent substrate is 10 pg, 
according to the supplier (Qiagen). To calculate to how many copies of protein 
per cell this would relate, we assume an OD600 of 0.5 corresponds to ~2.5*109 
cells per mL. As described in Material and Methods we lysed cells from 10 mL 
culture in ~0.5 mL lysis buffer and spotted 5 µL of the supernatant on the 
membrane. With a single fluorescent protein per cell the total weight of FP 
spotted on the membrane would theoretically be 11 pg. Considering some loss 
	
41 
of protein due to incomplete cell lysis, precipitation or incomplete transfer to 
the membrane we therefore claim that our assay is sensitive enough to detect 
~10 fluorescent proteins per cell. From the fluorescence development of 
mEos3.2, YPet and sf-GFP in growing E. coli it is clear that under our 
experimental conditions (growth in LB at 37 °C), the maturation and/or folding 
of the proteins takes more than an hour after net synthesis has stopped.  
How relevant are the in vitro determined maturation times for studies in living 
cells? In Table 4 we compare our maturation times with published data. 
Strikingly, for all FPs tested at 37 °C the in vitro reoxidation reaction is 
roughly 2 times faster than suggested from our in vivo maturation times. 
Conditions inside cells are very different from dilute solutions. The highly 
crowded environment, the existence of chaperones, diminished oxygen 
availability and other physicochemical parameters might all contribute to the 
differences in the maturation. Surprisingly, Wang and colleagues found a 
maturation half time of several hours for mEos3.2 in E. coli grown in a flow cell 
at 32 °C, which is much longer than what we find for cells growing in solution 
[8]. Maturation of sf-GFP was measured in S. cerevisiae and the obtained half 
time of 6 min is close to our value of 8 min. Using cell-free expression systems, 
the whole process of protein synthesis and folding and chromophore 
maturation can be followed. Under those conditions maturation was slower 
than what we find in vivo, at least for eYFP and sf-GFP.  
 
Table 4: Comparison of the maturation half time of fluorescent proteins in live E. coli (this study) 
and published in vitro data at 37 °C.  
FP In vivo maturation 
half time (min) 







mEos3.2 45 20 
330 
Reoxidation a 
Flow cell b 
[23] 
[8] 
YPet 15 7 Reoxidation a [28] 
sf-GFP 9 6 
16 










a In vitro refolding oxidation as described in [16]. 
b Done at 32 °C in live E. coli.  
c sf-GFP in a tandem fusion with mCherry, determined in live S. cerevisiae. 
d De novo expression with PURExpress  in a cell free environment with a O2 scavenging system. 
 
In conclusion, we emphasize that maturation and possibly folding of FPs is 
highly condition-dependent and that one should preferably determine the 
process in the living cells. We find that in vivo maturation times are longer 
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than those determined in in vitro reoxidation experiments. We provide simple 
protocols to determine maturation of FPs in E. coli, which are also applicable to 
other cell systems.  
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